Light is critical for supplying carbon to the energetically expensive, nitrogen-fixing symbiosis between legumes and rhizobia. Here, we show that phytochrome B (phyB) is part of the monitoring system to detect suboptimal light conditions, which normally suppress Lotus japonicus nodule development after Mesorhizobium loti inoculation. We found that the number of nodules produced by L. japonicus phyB mutants is significantly reduced compared with the number produced of WT Miyakojima MG20. To explore causes other than photoassimilate production, the possibility that local control by the root genotype occurred was investigated by grafting experiments. The results showed that the shoot and not the root genotype is responsible for root nodule formation. To explore systemic control mechanisms exclusive of photoassimilation, we moved WT MG20 plants from white light to conditions that differed in their ratios of low or high red/far red (R/FR) light. In low R/FR light, the number of MG20 root nodules dramatically decreased compared with plants grown in high R/FR, although photoassimilate content was higher for plants grown under low R/FR. Also, the expression of jasmonic acid (JA) -responsive genes decreased in both low R/FR light-grown WT and white light-grown phyB mutant plants, and it correlated with decreased jasmonoyl-isoleucine content in the phyB mutant. Moreover, both infection thread formation and root nodule formation were positively influenced by JA treatment of WT plants grown in low R/FR light and white lightgrown phyB mutants. Together, these results indicate that root nodule formation is photomorphogenetically controlled by sensing the R/FR ratio through JA signaling.
Light is critical for supplying carbon to the energetically expensive, nitrogen-fixing symbiosis between legumes and rhizobia. Here, we show that phytochrome B (phyB) is part of the monitoring system to detect suboptimal light conditions, which normally suppress Lotus japonicus nodule development after Mesorhizobium loti inoculation. We found that the number of nodules produced by L. japonicus phyB mutants is significantly reduced compared with the number produced of WT Miyakojima MG20. To explore causes other than photoassimilate production, the possibility that local control by the root genotype occurred was investigated by grafting experiments. The results showed that the shoot and not the root genotype is responsible for root nodule formation. To explore systemic control mechanisms exclusive of photoassimilation, we moved WT MG20 plants from white light to conditions that differed in their ratios of low or high red/far red (R/FR) light. In low R/FR light, the number of MG20 root nodules dramatically decreased compared with plants grown in high R/FR, although photoassimilate content was higher for plants grown under low R/FR. Also, the expression of jasmonic acid (JA) -responsive genes decreased in both low R/FR light-grown WT and white light-grown phyB mutant plants, and it correlated with decreased jasmonoyl-isoleucine content in the phyB mutant. Moreover, both infection thread formation and root nodule formation were positively influenced by JA treatment of WT plants grown in low R/FR light and white lightgrown phyB mutants. Together, these results indicate that root nodule formation is photomorphogenetically controlled by sensing the R/FR ratio through JA signaling.
symbiotic nitrogen fixation | shade avoidance syndrome M any leguminous plants establish a symbiosis with nitrogenfixing soil bacteria called rhizobia. Inside the root nodules, the rhizobia differentiate into nitrogen-fixing bacteroids, which convert atmospheric nitrogen into ammonia, a source of fixed nitrogen for the host plant. In return, the host plant supplies photosynthetic products to be used as carbon sources to the rhizobia (1) (2) (3) . Root nodule development requires considerable photosynthetic energy. Energy must not only be consumed to drive rhizobial nitrogen fixation but also, to transport the fixed nitrogen to other tissues (4) . However, excessive root nodule formation can be detrimental to the growth of the host plant. For example, many hypernodulation mutants, such as har1 (5-7), sunn (8) , sym29 (9), nts1 (10, 11) , and klavier (12) grow poorly. Therefore, legumes have developed a negative regulation mechanism, termed autoregulation of nodulation, in which earlier formed nodules inhibit additional root nodule formation (13) (14) (15) .
It is well-known that plants require light for photosynthesis and monitor both light quality and quantity for optimal survival. Because assimilates from photosynthesis provide energy to fuel the symbiosis between legumes and rhizobia, the light conditions under which host plants grow are very important. Plants have photoreceptors that sense the presence of their neighbors by monitoring the ratio of red (R), which is absorbed by chlorophyll, and far red (FR), which is not absorbed by chlorophyll, light. A low R/FR ratio indicates the presence of neighbors that may compete for photosynthetically active radiation (PAR) and initiates the shade avoidance syndrome (SAS), where plant crowding causes plants to grow taller or bend to the light to avoid shade (16) (17) (18) (19) . These low R/FR light conditions are suboptimal for root nodule formation. Earlier studies showed that light quality influences legume root nodule formation, implicating the involvement of phytochrome (20, 21) . To test the hypothesis that shade avoidance is important for root nodulation, we compared Lotus japonicus phytochrome B (phyB) mutants with WT Miyakojima MG20 plants to evaluate the link between root nodule formation and light quality and quantity.
Results and Discussion
Reduced Root Nodule Formation in Putative phyB Mutants. Two L. japonicus mutants (01-0017 and 01-14280) that exhibit a long hypocotyl phenotype under R light were obtained from ethyl- To whom correspondence should be addressed. E-mail: azuki@cc.saga-u.ac.jp. methane sulfonate mutant lines of the National BioResouce Project Lotus/Glycine; 3-d-old germinated MG20 and the putative phyB mutant seedlings were transplanted into vermiculitefilled pots watered with Broughton & Dilworth (B&D) medium and inoculated with Mesorhizobium loti. The plants were grown for 28 d under a 16 h white light and 8 h dark cycle. Fig. 1A shows the difference in appearance of MG20 WT and 01-0017 and 01-1428 mutant plants. Although the mutants were almost as tall or taller than the MG20 plant (Fig. 1A and Fig. S1A ), root growth was noticeably reduced (Fig. 1A and Fig. S1B ). Also, shoot and root fresh weights were significantly lower in both mutants compared with MG20 ( Fig. S1 C and D) . The mutants were paler than MG20 and contained much less chlorophyll a and b (Fig.  S1E) . In addition, the number of root nodules of 01-0017 or 01-1428 plants was reduced to about 37% or about 46% compared with MG20, respectively (Fig. 1B) . We examined the response of the mutants during germination to various light qualities, including continuous R, FR, and blue (B) light as well as continuous darkness. As shown in Fig. S2 , the responses of both mutants were indistinguishable from MG20 under FR, B, and darkness; only WT MG20 plants responded to R light, showing reduced hypocotyl length and expanded cotyledons. In contrast, hypocotyl length was increased, and the angle between the cotyledons was reduced in the mutants grown under R light compared with WT MG20. Thus, the mutant plants' responses phenocopied previously reported phyB mutant responses (22, 23) .
Genetic Analysis of Putative phyB Mutants. The phenotypes of 01-0017 and 01-1428 were stably inherited in the M4 and M5 generations. To confirm that the described phenotypes were because of a mutation in a single gene, both mutants were crossed to the parental WT MG20. The F1 plants derived from both mutants were found to exhibit a WT phenotype. Segregation analyses of F2 progenies derived from self-pollinated F1 plants showed that F2 plants segregated at 308:101 (x 2 = 0.02, P = 0.89) or 284:92 (x 2 = 0.06, P = 0.81) for WT and mutant phenotypes for 01-0017 or 01-1428, respectively. These results closely fit the expected value of 3:1. Moreover, all of the phenotypes of F1 progeny prepared by crossing 01-0017 and 01-1428 were mutant. Thus, we conclude that the mutation for both 01-0017 and 01-1428 is monogenic and recessive and that the mutations in both mutant plants are allelic.
To verify that the 01-0017 and 01-1428 phenotypes were caused by a mutation in phyB, we compared the mutants' nucleotide sequences with the sequences of MG20. Substitution of a single nucleotide from C to T, which results in an amino acid conversion of Q into a stop codon, was found in exon 1 of the 01-0017 mutant. We also found that a deletion of a single C in phyB exon 2 of the 01-1428 mutant converted AFCFLQIV into VFAFCKL; the frame shift resulted in a gene truncation because of a stop codon (Fig. 1C) .
Next, to confirm genetic linkage between the mutants and the LjPHYB gene, a derived cleaved amplified polymorphic sequence (dCAPS) technique was carried out using dCAPS analysis primers (Table S1 ). For the 01-0017 mutant, 110 recessive plants from the F2 population generated by crossing 01-0017 and MG20 were examined; all amplified fragments tested were digested by HindIII. For the 01-1428 mutant, HaeII did not digest any of the amplified fragments. These results indicated that LjPHYB gene and the mutant phenotypes were tightly linked (nine examples are shown in Fig. 1D ). We conclude that the gene responsible for the 01-0017 and 01-1428 phenotypes is a mutated LjPHYB.
Shoot Genotype Is Responsible for Reduced Nodule Development in
phyB Mutants. Earlier studies suggested that reduced photoassimilate production influences nodule development (20, 21) . Photoassimilates are produced in leaves and mobilized to developing nodules that house nitrogen-fixing bacteria. Because phyB is important for the development of the photosynthetic apparatus (24) , this finding may be one explanation of why the two mutants exhibit reduced nodule formation. However, other factors in addition to photoassimilate production may be involved in nodule development. First, the possibility that local control by the root genotype occurred was investigated by grafting experiments between phyB mutant and MG20 plants. As shown in Fig. 2 , when phyB was the scion, the number of nodules decreased regardless of the rootstock genotype in contrast to using MG20 as a scion. This result indicates that the phyB shoot and not the root genotype controls nodule number.
Cause of Negative Regulation of Root Nodule Development in phyB
Mutants. phyB signaling regulates responses to photoperiodism, end of day FR (25) , and R/FR ratios in bright light-grown plants.
To test the involvement of photoperiodism, we examined whether a critical day length was needed for root nodulation. As shown in Fig. S3 , the number of nodules 28 days after inoculation (DAI) decreased steadily as the day length shortened from 16 to 8 h, suggesting that a gradual decrease in the supply of photoassimilates through photosynthesis occurred. For day lengths Agarose gel electrophoresis for dCAPS analysis using recessive F2 plants. DNA fragments were separated on a 3.5% agarose gel, subjected to electrophoresis, and visualized by ethidium bromide staining. Genomic DNA of MG20, L. japonicus Gifu B129, and M3 plant of phyB mutant were also used for dCAPS analysis.
shorter than 8 h, it is likely that not enough photosynthesis took place to support the high carbon costs of nodule formation.
Next, we examined the nodulation response to changing R/FR ratios. Because SAS is a well-known response on plant perception of R/FR ratios, root nodulation tests were carried out under conditions where SAS was likely to occur. Fig. 3A shows the experimental design of root nodulation tests under different R/FR conditions; 13-d-old plants were moved from continuous white light to either continuous high R/FR or low R/FR light, and 2 d later, M. loti MAFF303099 cells carrying plasmid pFAJPcycA were inoculated onto the roots. The number of nodules and nodule primordia were counted 14 DAI. The intensity of the PAR of the R light-emitting diode (LED) remained constant under both treatments to maintain photosynthesis. As shown, no statistically significant difference was observed for either root length or shoot fresh weight of phyB mutant or MG20 plants, respectively, grown in high R/FR and low R/FR light ( Fig. 3 C and E) . However, a statistically significant difference was observed in the fresh weight of shoots in high vs. low R/FR-grown phyB plants and root length of the MG20 plants grown in high vs. low R/FR (Fig. 3 B  and F) . More importantly, very few nodules developed on phyB mutant roots under either light regime (Fig. 3D) . Moreover, although nodules developed on MG20 plants grown in high R/FR light, very few nodules developed on the roots of the low R/FRgrown plants (Fig. 3G) .
The sucrose content of the roots of high and low R/FR-grown MG20 plants was measured at 570.7 ± 42.9 and 763.3 ± 60.1 μg/g fresh weight, respectively (mean ± SE, n ≥ 18). A small quantity of PAR wavelength generated by the FR LED (MIL-IF18; Sanyo) may be responsible for the increase in the sucrose content of the low R/FR-grown plants. Nevertheless, the fact that nodule number was reduced in the low R/FR-grown plants despite a higher sucrose content strongly suggests that the sensing of phyB of the R/FR ratio has a significant influence on nodulation. We cannot eliminate the possibility, however, that photoassimilate production contributes to some extent to nodule formation under these conditions. Expression Analysis of Jasmonic Acid-Responsive Genes and Endogenous Concentrations of Jasmonic Acid and Jasmonoyl-Isoleucine. Because the number of root nodules of both low R/FR-grown MG20 plants and white light-grown phyB mutants declined, we hypothesized that the observed reduction in root nodule number should be controlled by the same mechanism in both plant genotypes and furthermore, that it would be mediated by phyB. Several reports suggested a link between jasmonic acid (JA) and light signaling (26) . For example, in low R/FR light, phyB signaling suppressed both JA-mediated gene expression and JA-dependent defenses against insect herbivory (27) . By contrast, mutations in either HY1 Fig. 2 . Root nodule formation in grafted plants. Root nodule number per plant of grafted plants. Error bars represent SE, and the significance of differences among the four groups was determined by the two-tailed multiple t test with Bonferroni correction using ANOVA (six comparisons in four groups). Means denoted by the same letter did not differ significantly at P < 0.05. or HY2, which encode a phytochromobillin synthase, enhanced JA production and sensitivity (28) . For root nodule formation, JA has been reported as a negative regulator. In L. japonicus, foliar application of 1 μM or more methyl jasmonate (MeJA) inhibited nodule development (29) . In Medicago truncatula, JA addition to the growth medium also suppressed root nodule development, even at a lower concentration (0.1 μM) (30) . Thus, we predicted that JA production and/or sensitivity would be enhanced in white light-grown phyB mutants and low R/FR-grown MG20 plants.
We first selected JA-responsive genes for analyzing JA production and/or sensitivity in L. japonicus by investigating gene expression responses to MeJA treatment. Through a database search, L. japonicus genes that were homologous to genes reported as members of JA signaling pathways or JA-responsive in other plants were chosen (27) . Expression levels of L. japonicus genes with similarity to PDF1.2, JAR1, and MYC2 increased more than three times in response to a 50 μM MeJA addition (Fig. S4) . The PDF1.2 gene encodes a plant defensin that is implicated in JA-dependent defense responses (31), whereas JAR1 codes for an enzyme that conjugates JA with amino acids to produce the active JA derivative [most likely jasmonoylisoleucine (JA-Ile)] (32). The MYC2 gene encodes the key transcriptional activator of JA responses (33, 34) . The expression levels of these three genes decreased in low R/FR-grown MG20 plants compared with those plants grown in high R/FR (Fig. 4A) . Moreover, their expression levels declined in white light-grown, 22-d-old phyB mutants (7 DAI) in contrast to WT MG20 plants (Fig. 4B) . These results suggested that JA production and/or sensitivity decreased, which was contrary to our expectations. To expand this study, we measured the endogenous concentrations of JA and JA-Ile in the roots of white light-grown, 22-d-old plants (at the same growth stage). Interestingly, no significant difference was observed in JA concentration between MG20 and phyB mutant plants (Fig. 4C) . However, the endogenous concentration of JA-Ile (the active JA derivative) was significantly decreased in the root of phyB mutants (Fig. 4D ). This trend was obvious even at an earlier stage (day 10) (Fig. S5A) , especially for JA-Ile (Fig. S5B) . These results suggested that the conversion of JA to JA-Ile was suppressed because of the decreased level of JAR1 gene expression in the phyB mutants. JA-Ile production is likely decreased by the inhibition of the step from JA to JA-Ile in the phyB mutant, because JAR1 catalyzes the conjugation of JA with isoleucine to form JA-Ile. Hence, the lower concentration of JA-Ile in the phyB mutants may be a consequence of the decreased amount of transcription from the JAR1 gene.
Positive Regulation of JA on Root Nodule Formation in L. japonicus.
To confirm the effect of JA on nodule formation, JA was added to the plant growth medium. We found that MG20 shoot and root growth measured 28 DAI decreased as the concentration of JA increased (Fig. S6 A and B) . Although root nodule number was reduced with 10 μM JA addition, the number per plant showed a statistically significant increase over the untreated control in the 0.1 μM JA treatment, and it was unaffected by adding 1 μM JA (Fig. S6C) . Furthermore, nodule number per unit root length increased over the untreated control at all JA concentrations tested (Fig. S6D) . Our results differ from those results reported for M. truncatula, where nodulation and its early stages are repressed by a low level of JA treatment (0.1 μM) (30).
Positive Effects of JA on Root Nodule Development in Low R/FRGrown MG20. If reduced nodule formation in low R/FR-grown MG20 and white light-grown phyB mutants is because of an inhibition of JA-Ile production and/or reduced sensitivity, we predicted that nodule development would be enhanced by JA or MeJA application. We found that the addition of MeJA enhanced JAR1 gene expression levels (Fig. S4) . To further assess this possibility, the effect of JA treatment on root nodule development was analyzed. When 0.1 μM JA was added to MG20 plants, the number of nodules and nodule primordia was slightly increased (P = 0.099) over the controls (Fig. S7) . We also followed the expression in response to JA or null treatment of the marker gene NIN (35), which is required for infection thread formation and nodule primordium initiation. When 0.1 μM JA was added to MG20 plants, NIN gene expression was significantly augmented (Fig. 5A) . Although JA addition did not affect the total root length of MG20 plants compared with the untreated controls (Fig. 5B) , the number of infection threads per unit root length was significantly increased (Fig. 5C) . These results strongly suggest that JA functions as a positive regulator for root nodule development in L. japonicus.
Positive Effects of JA on Root Nodule Development in White LightGrown phyB Mutants. With 0.1 μM JA addition to phyB mutants, shoot length was unaffected, and root growth decreased (Fig. 5 D  and E) ; however, nodule number per plant significantly increased (Fig. 5F) . Moreover, the nodule number per unit root length significantly increased with 0.1 and 1 μM JA treatments (Fig.  5G) . Based on the responses of JA treatment to shoot length ( Fig. 5D and Fig. S6A ), total root length ( Fig. 5E and Fig. S6B) , and root nodule number (Fig. 5 F and G and Fig. S6 C and D) in MG20 and the phyB mutant plants, sensitivity to JA is not likely to be significantly different between them. Taken together, these results indicate that the cause of reduced root nodule formation in low R/FR-grown MG20 plants and the white light-grown phyB mutants is because of the inhibition of JA-Ile production.
A model representing the proposed mechanism of JA and phyB signaling for shade perception and root nodule formation is depicted in Fig. 6 . In high R/FR light, phyB suppresses SAS and enhances root nodule formation through increased concentration of JA-Ile. In contrast, in low R/FR light, SAS is restored by the inactivation of phyB and results in suppressing root nodule formation through a reduced concentration of JA-Ile. Our data show that root nodule formation involves the perception of the R/FR ratio and requires signaling through phyB and JA. Although root nodule development is initiated in the soil under limited light, these low R/FR light conditions are suboptimal for sustaining nodule function. Thus, the legume host, like other plants, initiates a shade avoidance response and modifies its growth to obtain sufficient light for maximizing photosynthesis. Moreover, the host plants suppress root nodule development under such conditions to prevent wasting energy. We conclude that this shade avoidance syndrome for root nodule formation is required for L. japonicus nodule development. In conclusion, monitoring both light quality and quantity is essential for establishing and maintaining a successful nitrogen-fixing symbiosis.
Materials and Methods
Plant Material, Inoculation, and Growth Conditions. Mutants 01-0017 and 01-1428 were derived from L. japonicus accession MG20 by mutagenesis with ethylmethane sulfonate. M. loti strains MAFF303099 and MAFF303099 carrying a GUS gene (36) were used for inoculation. For B, R, and FR light irradiation, LEDs (Sanyo) were used. For the analysis of root nodule formation using pots, the swollen seeds were sown on vermiculite watered with B&D medium (nitrogen-deficient) (37) . For the analysis of root nodule formation using square plates (8.3 cm width × 23.5 cm length × 1.8 cm depth), seeds were sown on 0.8% (wt/vol) agar medium, and the plates were placed vertically at 24°C in the dark. After 3 d, the germinated seedlings were transplanted onto another set of square plates containing −N B&D medium solidified with 1.5% (wt/vol) agar. Because light irradiation to roots prevents root nodule formation, the root areas of the square plates were shaded with black paper. However, even if this type of shading was used, small quantities of light reached the root area but did not seriously affect root nodule formation. The plates were placed vertically, and the plants were cultivated under the indicated conditions. The square plate method was used for the analysis of root nodule formation under high or low R/FR light despite the low number of nodules formed, because the method generated a reproducible number of nodules (Fig. 3 D and G) . In contrast, when vermiculite-filled pots were used, the interruption of light irradiation by the periodic addition of water to the pot resulted in a variation in nodule number such Error bars represent SE, and the significance of differences among the four groups was determined by the two-tailed multiple t test with Bonferroni correction using ANOVA (six comparisons in four groups). Means denoted by the same letter did not differ significantly at P < 0.05. ). This FR intensity was almost maximum in the available LEDs; thus, the R intensity needed to be 10 μmol m staining was carried out to observe nodule and nodule primordia (Fig. 3A ) (38) . Root nodule formation or JA-responsive gene expression was analyzed (39) at the indicated DAI. For analysis of the effect of JA on root nodule formation or infection thread formation, B&D agar medium with or without JA was used. Detailed information is provided in SI Materials and Methods.
Sequencing LjPHYB. Detailed information is provided in SI Materials and Methods.
Expression Analysis. To quantify the relative amount of transcripts of JA-related genes, real-time RT-PCR was performed in the one-step SYBR Primescript RT-PCR Kit (TaKaRa). Detailed information is provided in SI Materials and Methods.
dCAPS Analysis. Genomic DNA of the F 2 population was used for dCAPS analysis with dCAPS primers. After amplification, digested fragments were separated and visualized by ethidium bromide staining. Detailed information is provided in SI Materials and Methods.
Grafting Experiments. Three-week-old MG20 and phyB mutant (01-0017) plants were severed at the hypocotyls, and the shoots were grafted either to self or reciprocal roots using small plastic tubes as splints. Grafted plants were grown in vermiculite watered with B&D medium for 3 wk at 24°C under 16 h light and 8 h dark conditions, and then, they were inoculated with M. loti. After 4 wk, root nodules were counted. S4 . Expression analysis of L. japonicus genes with similarity to Arabidopsis thaliana JA-related genes PDF1.2, COI1, ERF1, HEL, JAR1, MYC2, and VSP1. Similarity of amino acid sequence of PDF1.2, COI1a, COI1b, ERF1a, ERF1b, HELa, HELb, JAR1, MYC2, VSP1a, and VSP1b to the homologs of A. thaliana is about 33% (51 aa in length), 65% (586 aa in length), 70% (569 aa in length), 44% (167 aa in length), 43% (164 aa in length), 64% (117 aa in length), 84% (62 aa in length), 62% (584 aa in length), 50% (675 amino acid in length), 38% (247 aa in length), and 33% (215 aa in length), respectively. For real-time RT-PCR analysis, total RNA was prepared from MG20 plants after 50 μM MeJA or no (null) treatment. Transcript amounts were normalized against ATP synthase (internal control) transcripts (1) . The mean value of expression in MG20 without MeJA treatment was set as one. The data represent averages ± SE of three independent experiments from roots derived from six different plants. Error bars represent SE, and the significance of differences among the four groups was determined by the two-tailed multiple t test with Bonferroni correction after ANOVA (six comparisons in four groups). Means denoted by the same letter did not differ significantly at P < 0.05. 
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